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FOREWORD I
I

This report was prepared in fulfillment of National Aeronautics and

Space Administration contract NAS2-9178. The contract was awarded

March 30, 1976, to the Boeing Military Airplane Development Group of

the Boeing Aerospace Company as part of a program to develop a Lift/

Cruise Fan V/STOL Research Airplane.

The contract effort involved the design, fabrication, static ground

testing, and wind tunnel testing of a .094 scale powered model of a

modified T-39 Lift/Cruise Fan Airplane. Modifications to the T-39

included: expanding the forebody to house a lift fan, replacing the

T-39 engines with tilting lift/cruise fans, raising the horizontal

stabilizer to a T-tail position, and replacing the T-39 gear with A-4

gear. The model was powered by three 13.97 cm (5.5 inch) diameter

turbo-powered simulators. Tests were conducted in the Boeing Static

Test Facilities and in the Boeing 9-foot Low Speed Wind Tunnel. Forces
P

and moments were measured by an internal strain-gauge balance. Engine I
I

simulator thrust and mass flow were measured by calibrated pressure and

temperature instrumentation mounted downstream of the fan.

The tests were conducted to define the low speed handling qualities and

general aerodynamic characteristics of the modified T-39. Test variables

included: thrust level and thrust balance, forward speed, model pitch

and sideslip angle at forward speeds, model pitch, roll, and ground

height during static tests, lift/cruise fan tilt angle, flap and aileron

deflection angle, and horizontal stabilizer angle. Tests were also

conducted to determine the effects of removing the landing gear, the

lift/cruise fans, and the tail surfaces.

i

I
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I WINDTUNNELANDGROUNDSTATIC TESTSI

OF A .094 SCALEPOWEREDMODELOF

A MODIFIED T-39 LIFT/CRUISE FAN V/STOL RESEARCHAIRPLANE

by

D. Hunt, J. Clingan, V. Salemann, and E. Omar

I. 0 SUMMARY --.

A .094 scale powered model of a modified T-39 Lift/Cruise Fan V/STOL

airplane was designed, fabricated and tested statically and in a low

speed wind tunnel. The test program was conducted in fulfillment of

_IASAcontract NAS2-9178, "Design and Fabrication of a Lift/Cruise Fan

V/STOL Model for Wind Tunnel Tests", and was directed towards verifying

the basic concept of a shaft-connected tilting lift/cruise fan V/STOL

configuration and defining its general aerodynamic characteristics.

i Modifications to the basic T-39 included extending the forebody to house
, tile forward lift fan, replacing the T-39 engine pods with tilting lift/

: cruise fans, replacing the T-39 gear with A-4 gear, raising the hori-

zontal stabilizer to a T-tail position, and providing a flap cutout

door to provide clearance for the lift/cruise fan exhaust at high tilt

angles. The model was powered by three tip-driven turbo-powered simu-

lators. High pressure air to drive the simulators wass_plied to the

model through the sting support system and on through the internal

"flow-thru" strain gauge balance.

The model was tested in four configurations. Namely:

• A VTOL configuration with flaps deployed, gear down, and engines

• tilted to 80o 90° and 95° .

m A STOL configuration with flaps and gear down and engines tiltedb

to 50o .

!
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• A CTOLconfiguration with flaps and gear down and engines not !
ti I ted.

• A loiter configuration with flaps and gear retracted and engines

not tilted.

e

In addition, tests were conducted to assess the effects of removing the

gear, nacelles, and tail surfaces and drooping the ailerons. Static

tests of the hover configuration were conducted in the Boeing Static

Test Facilities and test variables included model pitch, roll and ground

height. All four configurations were tested at forward speeds in the

Boeing 9' Low Speed Wind Tunnel at speeds ranging from 65 knots to 120

knots. Other test variables included model pitch, sideslip and thrust

coefficient.

The static tests were directed towards defining the impact of ground

effects upon hover lift and stability. The hover test results show an

induced lift loss of 2% of gross thrust for heights far above the ground, i

f

With the model in a level attitude there was ne additional lift loss I

due to ground effect at any height. The largest induced lift loss due

to ground effect occurred at a combination of I0 ° of pitch and I0 ° of

roll where a loss equal to 5% of gross thrust was measured. Instabilities

in pitch and roll are present, however, the destabilizing moments are

small relative to the control power available through differential

thrust variation, The largest pitching moments and rolling monmnts

found did not exceed 15',', and 10% respectively of the control power

available.

The emphasis during wind tunnel tests was on propulsion induced lift

for STOL operation and the impact of the tilting lift/cruise fans upon
t

longitudinal and directional stability. The useable propulsion in-

duced lift of the STOL configuration was found to be 19% of the lift

produced by the basic n_)del with the lift/cruise fan nacelles removed.

The induced lift from the T-39 model has been compared with that of a

2
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I 0.7 scale model of a lift/cruise fan configuration (Reference i) which

is based on thrust vectoring nozzles as opposed to tilting nacelles.

The induced lift effects for the two configurations are quite comparable

" with the present configuration h-,ving somewhat greater induced lift for

typical STO lift-off conditions.

The present combination of T-tail height and lift/cruise fan inlet

length has a varying effect upon the longitudinal stability of the

modified T-39 configuration. The configuration stability is very de-

pendent on nacelle tilt angle, angle ol dttack, and thrust level. The

l(mqitudinal stability is adequate for the cruise configuration and

(h'qrad(,s,iIsome Lombinatiovlsof high nacelle Lilt an!ll('and high

angle of attack. The control available using thrust transfer is more

than adequate to handle the longitudinalmoments. Horizontaltail

control effectivenessis near the theoreticalvalue for the cruise and

CTOL configurationswhere the tail is required for control.

I Directional stability is good in the VTOL mode at high angles of attack
' and degrades at lower pitch angles.

3
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2.0 INTRODUCTION !

i

NASAhas undertaken the development of a Lift/Cruise Fan Research

Airplane to provide a technical data base from which a Navy type "A"

V/STOL aircraft and possible civil aircraft can be designed with con-

fidence. The Navy requires a typ_ "A" multi-mission V/STOL aircraft in ,

the late 1980's which is capable of sea control operations from many

small ships as well as ship-to-shore and shore-to-ship functions. The

Lift/Cruise Fan concept exhibits an excellent potential for a type "A"

aircraft because of its high speed, high altitude and range capabilities

coupled with its ability to operate from small ships.

As a part of the NASAprogram, a contract was awarded to the Boeing

Company to design, fabricate, and wind tunnel test a pouered model of

a modified T-39 Lift/Cruise Fan Airplane based on a tilt nacelle

concept. The objective of the test program was to define the handling

qualities of the T-39 configuration during hover in ground effects

and at forward speeds out of ground effects. Static ground tests were I
I

conducted in the Boeing Static Test Facilities. Wind tunnel tests were

conducted in the Boeing 9' Low Speed Wind Tunnel. Four configurations

were tested. These include:

• A VTOL configuration with flaps deployed, gear down, and engines

tilted to 80o , 90o , and 95o .

, An STOL configuration with flap and gear down and engines tilted to
50o .

• A CTOLconfiguration with flaps and gear down and engines not

tilted.
t

• A loiter configuration with flaps and gear up and engines not

tilted.

I
4
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I In accordance with the terms of NASA contract NAS?-g178, this document

is submitted as the final technical report. Presented herein is a

descriptionof the contract test program and of the analysis of the

test results. The data acquired during the contract test program are

included in Appendix "A". Details of the thrust calibrationof the

, turbo-poweredsimulators are included in Appendix "B". Data reduction

details are included in Appendix "C".

I
!
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3.O NOMENCLATURE

The ensuing list of definitions in most instances include two symbols.

The first is the conventionalsymbol while the second representsa com-

puter name dppearing on the machine plotted data of Appendix "A". Units

are presented in the SI system followed in parenthesisby the British

Gravitationa]units. ,..

b, B - wing span, centimeters (inches)= 127.3 (50.11)

c, C, MAC - mean aerodynamicchord, centimeters (inches)= 24.02 (9.46)

Cj, CJT thrust coefficient= FG/qS. CJA, CJB, and CJC are the

thrust coefficientsof each individualpropulsionunit

Fan A, Fan B, and Fan C (see Figure 2) "Cj = RAM" is

defined in Section 5.3

4 CFR - ram force coefficient= ram force/qS. CFRA, CFRB, and

CFRC are the ram force coefficientsof each individual

propulsion unit

The followinggroup of stability axis coefficientsincludes all forces

and moments on the model (i.e., aerodynamic,thrust, and ram).

CL lift coefficient= L/qS

CD - drag coefficient= D/qS

CpM - pitchingmoment coefficient= PM/qSc

CSF - side force coefficient: SF/qS

t.yM - yawin,l,mmN_;_l(tJ_,llit.lent YM/qSb

CRM - rollingmoment coefficient= RM/qSb

i
6
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This nPxt.,Ir(_ul,(_fst,_hiIityaxis cn(,ffi(i(,ntsand ratios endinq in

"A" denotes aerodynamicforces and moments. That is, the direct thrust

and ram forces and mom-_.ntshave been removed (see Figure C.1).

CLA, CLA - aerodynamicliit coefficients= LA/qS

CDA, CDA aerodynamicdrag coefficient= DA/qS

CpMA, CPMA aerodynamlcpitching moment coefficient= PMA/qSc --.

CSFA, CSFA - aerodynamlcside force coefficient= SFA/qS

CyMA, CYMA - aerodynamlcyawin(lmoment coefficient --YMA/qSb

CRMA, CRMA - aerodynamicrolling moment coefficient= RMA/qSb

LA/FG, LA/FGT - aer,.'dynamlclift ratio

DA/FG, DA/FGT aerodynamicdrag ratio

PMA/FGC, PMA/FGT*C - aerodynamicpitching moment ratio

SFA/FG, SFA/FGT - aerodynamlcside force ratio

i YMA/FGb, YMA/FGT*B - aerodynamlcyawing moment ratioI

RMA/FGb, RMA/FGT*B - aerodynamlcrolling moment ratio

D drag, newtons (pounds)

DHI - highlight diameter, centimeters (inches)

= 15.66 (6.164)

FG, FGT - total gross thrust of all three propulsionunits

= FGA + FGB + FGC, FGA, FGB an( FGC representthe

gross thrust of each individualpropulsionunit,

newtons (pounds)

FPR - fan pressure ratio : PT /Po
a

• h, HGT - height of model referencepoint above ground plane

(see Figure 2), centimeters (inches)

7
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I
h/c. HGTIC - ratio uf model ground heisht to mean aerodynamic ,

chord

L - I i ft, newtons (pounds)

PT3 - total pressure downstream of fan, newtons/meter 2 I,.
(psf)

Po - wind tunnel test section static pressure, newtons/ ...

meter 2 (psf)

PM - pitching moments, newton meters (ft-lbs)

q, Q - wind tunnel test section dynamic pressure,

newtons/meters2 (psf)

RM rolling moments, newton meters (ft-lbs)

S - wing reference area, centimeters2 (in2), = 2808

(435.17)

- incidenceof horizontal tail - degrees I

SF - side force, newtons (pounds)

V/Vj ratio of freestream velocity to fan efflux velocity

YM - yawing moments, newton meters (ft-lbs)

(l, _,L_HA - angle of attack of body axis, degrees

B , BETA - angle of sideslip of body a_i_, degrees (positive

nose Ieft)

_, LAMBDA lift/cruisefan tilt angle relative to body axis

degrees

(:(_ - downwash gradient at horizontal tail, dC/d:l .

(C positive for downflow at tall)

- angle of roll relative to ground plane (pos_,,.._

right wing down), deqrees
r

8
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I Notes: (I) The moment referencecenter is at the station of .3c, F.S.

60.95 cm (23.994)and at water line 22.68 cm (8.93 in).

(2) The sign convention for forces and angle_ is given in

Figure C.5 of Appendix C.

!.

t),, .... b ,,14, ,,i_i_, ,Lll_
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4.0 TEST PROGRAM

4.1 Model Description

The .094 scale model representeda V/STOL technolngy demonstrator

airplane based on a modified T-39 (Model 1041-135-2Rof Reference 2).

The modificationsinclude:

• F,,pandingthe forebody to house a lift fan

• Replacing the T-39 engine pods with tilting lift/cruisefan pods

e Raising the stabilizerto a T-tail position

m Replacing the gear with A-4 gear

• Adding a flap door to provide clearance for the lift/cruisefan I
Iefflux when the nacelles are tilted to the hover position.

Th_ model was sting-mounted,which necessitatedsome distortion of the

aft fuselage to allow sting clearance (see Figure 1), and was supported

on a six-componentstrain-gauged,"flow-thru"balance (illustratedin

Figure 3 and discussed in Reference 3).

Figure 2 shows the model in its various confi{lurationsand gives the

principaldimensions. The tol)view depicts the CTOL configuration,

with the nacelles at X = 0° and the front fan doors open; the side

vi., depicts a VTOL configuratio_J,showing the nacelles at X = 900.

The flaps and flap doors are shown extended in L'JeVTOL configuration,

Three Technology Development Inc. 14 cm (5.5 inch) diameter tip driven

fans were used to simulate the propulsion system. One of these units ..

is shown, disassembled,in Figure 4 and a description is found in

Reference 4. The units were furnished by NASA for this test program. I
I

10
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Each fan was rated at 35000 RPMwith a design fan pressure ratio of

1.25. At this rating each had a fan airflow of 2.5 kg/sec (5,55 Ibs/

, sec) and used .5 kg/sec (i.I Ibs/sec) of drive air. For the purpose of

this test, they were operated up to a maximumof 30000 RPM. The drive

air was supplied to the model at 41.4 bars (600 psig) and heated to

71°C (160°F) to prevent icing at the turbine exit. Remotely controlled

valves and critical-flow venturi meters located within the model were

used to control and monitor the airflow to each individual fan (Figure

5).

The high pressure air supplied to the L/C nacelles _as divided into two

portions, one part for driving the fan and the other for simulating the

primary exhaust efflux. Since both portions were always choked the

simulated primary weight flow varied in direct proportion to the fan

supply weight flow. The primary air was passed through a choke plate

and screens to obtaln a uniform total pressure distribution and repre-

i sentative pressure ratio before exhausting from the primary nozzles.
I Figure 6 shows details of the lift/cruise nacelle assembly. Each

nacelle can be pre-set to various tilt positions, representing v _ious

flight configurations. A serrated interconnection allowed angul,

settings in increments of 5o . The limits of angular rotation were

determined by instrumentation cables and tubes which were routed out

of the nacelle around the periphery of this connection. This allowed

rotation from A: 0° (aligned with the model axis) to _ = 105o , with

the pivot point located at fuselage station 82.93 cm (32.65 inches) and

water line 30.53 cm (12.02 inches).

The external lines of the nacelle were generated to represent those of

the technology demonstrator having Allison PD 370-16 engines installed,

• The model scale was selected such that the fan exit area was scaled

exactly. A more complete description of the design process is included

in Appcndix "B" which describes how the inlet contours were chosen and

gives details of the nacelle ordinates. Appendix "B" also describes

the instrumentation in the nacelle. The external cross-section of the

i core engine cowl was elliptical as indicated by the shading in Figure 6.

II
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This was done on the assumptionthat the engine accessoriescould be I

distributedbetween the top and bottom of the core engine.

Fairingswere used to cover the Lift/Cruise Fan nacelle pivots,

instrumentationconnections and air supply lines. These fairings are

not completelyrepresentativeof the full scale airplane. Part of each -

fairingwas attached to, and rotated with, the nacelle and part was _°

attached to the fuselage. These fairings are shown detailed in Figure 7.

In order to determine the aerodynamic effect of the fairing attached to

the nacelle, it was removed for one test and the leading edges of the

nacelle fittingswere faired with modelling clay as shown in Figure 7.

Yaw vanes were located at the fan nozzle exit for thrust deflection and

are shown in their undeflectedposition in Figure 6. The vane chord was

35.56 cm (14 in) full scale and its section was that of a NACA 0012 air-

foil. The pivot point was at 10% of vane chord with the vane leading

edge located at the fan exhaust plane. Deflection angles of 0°,±100,

and _20° were provided. I

Details of the nose fan installationare given in Figure 8. The nose

fan was located as low in the fuselage as possible in order to allow

length for oevelopment of the inlet contours. The fuselage forebody

was hand-worked to provide the desired inlet shape. Sections of the

inlet are presented in Appendix "B".

The nose fan inlet doors, which ,vhenclosed fon_lthe upper surface of

the airplane nose, are shown diagrammaticallyon Figure 8 in the open

and closed positions. When the doors were in the open position, they

were stowed at the sides of the fuselage as shown. Parts were provided

to test both open and closed configurations.

The nose fan exit doors which, when open, can be deflected to provide

thrust vectoring for yaw control are shown in the open position in

Figure 8. The outboard doors opened towards the airplane plane of

symmetry and the inboard doors opened from thatplane outwards to form I
]

12

I

1977010093-017



I I

•.E ROf/A_ _oM.A.Y

the projections shown. A disc was provided to fair and seal the exit

when a "door-closed" configuration was tested.

The basic T-39 model airframe was defined in accordance with the

SaberlinerSpecifications Document (Reference 5) with additional con-

sideration of measurements taken from a ful| scale T-39. Wing and tail

planfonns and section definitions are presented in Figures 9 and I0.

The model wing was positioned .38 cm (.15 inches) lower relative to the ""

fuselage than full scale airplane definitions indicated. This had the

effect of increasing the body depth in the vicinity of the wing and was

done to provide more space within the model for structure and instrumen-

tation. The wing dihedral was 3.150. The wing was twisted linearly

from zero incidence at the root to -2.9° at the constructiontip. The

Lip of the vertical fin was modified to support the horizontal stabilizer.

A NACA-0010 airfoil section was used for the vertical fin. The airfoil

section of the all new horizontalstabilizer varied linearly from a

NACA-0010 airfoil at the tip to a NACA-0015 airfoil at the root. The

stabilizer had _n anhedral of 9° .

The basic high lift system (i.e., slats and flaps) were positionedin

accordancewith measurements of a full scale airplane in their fully

deployed position. The slats and flaps were unchanged throughout the

test with the exception of tests of the loiter configurationat which

time the slats and flaps were nested. The flap doors, designed to

provide clearance for the lift/cruisefan efflux, were deflected for

tests of the hover _nfigurationwhen ),was 900 or greater and re-

tracted for all 3ther tests.

No tran._tion grit was used on the model for any of the tests reported

herei,,.
o

13
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4.2 TesL Fa_.ilities

All tests were conducted in Boeing facilities located in Seattle,

Washington. The facilities involved are described briefly below.

4.2.1 Flight Simulation Chamber (FSC) -

Preliminary calibrations of the model fans were conducted in the Boeing -_.

Wind Tunnel Flight Simulation Chamber. This facility was developed

over a period of years specifically for the purpose of calibrating

wind tunnel model propulsion simuldtors. The facility includes thrust

and mass flow measuring systems and allows for variation of back pres-

sure by means of evacuating the chamber into which the thrust simulator

discharges. A schematic of the chamber is shown in Figure 11. A

detailed description of the facility is presented in Reference 6,

4.2.2 Boeing Static Checkout Area

All of the static hover tests were conducted in this facility. The I
Iprimary use of this area is for checkout of models being prepared for

tests in the Boeing Transonic Wind Tunnel. This facility is essentially

a 8.5m x 12.2m by 4.0m high room (28 ft x 40 ft x 13 ft) as shown in

Figure 12, equipped with a model support system providing for pitch and

vertical translation of sting mounted models. The model is controlled

from an adjacent control room with visibility provided by both a window

and closed circuit televisio_l. Instrumentation outputs are carried to

the Boeing Supersonic Wind lunnel Data System by means of a permanent

hardwired interconnect. Both on-line and final data reduction are

accomplished by the wind tunnel central computing system, The model

was installed in approximately the center of the room with the model

axis aligned with the longer (12.2m) room dimension. The room floor

served as the ground plane.

<

4,2.3 Boeing 9'-B Low Speed Wind Tunnel

The wind tunnel testing was conducted in the 9' -B Low Speed Wind

I
14
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I [unnel located at the Propulsion Laboratories' North Boeing Field TesL

Complex. The 9'-B LSWTis an open circuit wind tunnel which draws alr

directly from the atmosphere through a test section 2.59 meters (102

inches) high by 2.67 meters (105 inches) wide. A schematic of the

tunnel is shown on Figure 13 and a view of the model installed in the

tunnel is shown in Figure 14. The tunnel is powered by an Allison model

531-D13 gas turbine engine using a variable pitch propellor. Flow
dm_,

stralghteners and screens are located in the tunnel inlet to minimize

the effect that atmospheric wind conditions have on the tunnel flow

profile. Tunnel velocities can be varied from 0 to approximately 180

knots. The tunnel is equipped with a sting support system mounted in

the aft portion of the constant area section of tunnel. The motion of

the support system is in the horizontal plane such that the model wings

are in the vertical plane as shown in Figure 14.

The 9'-B LSWTData System was used for recording the data on magnetic

disc. The AcquisitionSystem is a software controlled, Boeing designed

I Standard Digital Data System (SDDS). A PDP-8 computer is used for
system control and on line "quick-look" data calculation with CRT out-.

put. A PDP-8/I is used for on/off-line final data calculation.

I 15
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4.3 Test Conditions and Procedures

4.3.1 Test Conditions

The model was tested in four basic configurations. These are defined

as follows:

• A VTOL configuration with flaps deployed, gear down, and engines ,,.

tilted to 80o , 90o and 95o .

• A STOL configuration with flaps and gear down and engines tilted

to 50o .

• A CTOLconfiguration with flaps and gear down and engines not

tilted.

e A loiter configuration with flaps and gear retracted and engines

not tilted.

I
The conditions under which each was tested are summarized in Figure 15.

Included are lift/cruise fan tilt angle, forward speed, thrust, pitch

and sideslip angle, stabilator angle as well as component effects. In

addition, the VTOL configuration was tested with differential thrust,

side-to-side and fore and aft, representative of thrust control varia-

lions. Only th_ VTOL c(mfigurat.ion was te,,ted statically. Test condi-

tions f(_rthe static test included; en(linetilt angles of 800, 900, and

9 o pitch angles of -50, 0° _o• , _ , 10°, and 15° roll angles of-5° and

-10°; ground height variation from .12 meters (4.7 inches) to 1.83

meters (72 inches).

4.3.2 General Procedures

The model fins were suppliedwith high pressure air from a plenum inside

the model. This plenum is essentiallypart of the internalbalance

and the pressure level in the plenum has some effect on the balance

outputs. The balance plenum pressure was always set and maintained at

I
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a level of 41.4 bars (600 psig) for all tests, fan calibrations, and

balance calibrations. This procedure is standard with this type of

balances and insurus that the measured force levels are not influenced

• by balance pressure tares. Since the individual fan control valves are

downstream of this plenum there is still complete control of fan thrust

without varying the balance plenum pressure.

6,,

The high pressure air used to drive the fans was pre-heatcd to eliminate

icing problems. During the initial calibration it was determined by ob-

servation of the fans that the minimum supply air temperatures at which

visible ice would not form was about 71°C (160°F) as measured in the

balance plenum. This temperature was used for all further testing. In

the colder environment of the open circuit wind tunnel, it was in-

frequently observed that under some conditions ice could be seen on the

fan shroud between stator blades. This condition would only last for a

few minutes when the ice would fall off.

i Since warmed air was being carried across the internal balance it was
necessary to establish procedures to mini.dze balance zero drift.

l)urin(] the static test, it was found that by pre-waming the balance

to about 54°C (130°F) prior to recording zeros, the problem of balance

output drift was minimized, llowever, during the wind tunnel test it

• was not possible to maintain the balance at this temperatureduring a

run because the heat input from the warmed air was not adequate in the

presence of the large heat transfer from the model to the tunnel stream.

This resulted in greater thermal gradients and consequentlygreater

balance output drifts than those occurring during the static tests.

A serious problem in measuring fan exit total and static pressures

occurred during the static test. Erratic readings were observed and

were eventually traced to an accumulationof fan lubricatingoil in

the pressuremeasuring lines. This problem is apparently related to

the large quantity of oil-mist which must be supplied to the fan bearings.

The oil-mist is blown into the bearing cavity and subsequentlyflows out

I
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into the fan air stream ahpad nf the pressure instrumentation. Because

of this problem, RPMrather than pressures was used to reduce the

static data. For the wind tunnel data it was not considered adequate

to rely on RPMin the presence of the substantial levels of fan flow

distortion and back pressure variations expected during forward speed

operation at large nacelle tilt angles. The pressure measuring problem

was eliminated for the wind tunnel tests by replumbing the model to

utilize external rather than internal pressure scanning valves. This

allowed the use of an existing system which is designed to blow dry

nitrogen from the pressure scanner back through the pressure lines to

remove any foreign matter. This is accomplished by an automated system

during the off-shift and on this test every pressure measuring line was

blown out after each day's testing. This proce,Jure was sufficient to

solve the problem since some time was required to accumulate sufficient

oil to cause a problem.

4.3.3 In-Place Fan Calibrations
!

During both the static and wind tunnel tests, the fans were calibrated Ii
in place.

In the static test facility this calibration consisted of positioning

the complete model at about 1.8 meters (72 inches) above the floor and

at an angle of attack of 15° to minimize the ground effects within the

constraints of the support system. Each fan was then run separately

(lift cruise fans tilted to their 90o position) to determine the relation-

ships between RPMand thrust as measured by the internal force balance.

(lhruslw,_',,_Iso_omputed from fan pressure instrun_ntationbut due to

instrumentationdifficultiesthis data was not utilized for the static

test data reduction.) The fans were run at thrust levels up to about

400 newtons (90 Ibs).

In the wind tunnel,similar calibrationswere run with the exception

that the fan efflux was directed into a scavenging pipe which directed

it outside the test section. This prevented re-circulationof the fan

flow around the model and also prevented the inducementof a flow I
I
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v,_.1ocitythrough the wind tunnel by the ejector action of the fans.

'I' The pressure instrumentationdifficultiesof the static test had been

solved and the calibrationswere used to relate the forces measured by

" the internalbalance to those computed from the fan exit pressure

instrumentation.

The above calibrationsestablishedthe basis for determiningthrust

during actual tests. In addition, a variation of thrust coefficient ,,.

with back pressure was included in the data reduction. This relation-

ship had been establisheddurin(!the initial calibrationof each fan

in the Flight Simulation Chamber.

The calibrationsare described in greater detail in Appendix "B".

4.3,4 Static Test Procedure

For the static testing the model was initially positionedwith the

landing gear clear of the ground plane by about .25 cm (.1 inch). Each

fan was set at a specified RPM value selected to give the desired thrust

level. The lift/cruisefans were getlerallyset to give about 350

newtons (79 Ib) thrust each. This amount of thrust correspondsto a

fan pressure ratio of 1.14 whicn matches the full scale airplane value,

The nose fan was set to give an approximatepi_ching moment trim about

the moment reference center. This valu_ was computed from geometric

considerationsand varies with nacelle tilt angle as shown in Figure

16. Certain runs were also made with the thrust intentionallyun-

balanced, either side to side or fore and aft.

The model was then traversed away from the floor with periodic stops

for pressure stabilizationand data recording. Constant angle of

attack was held throughouta height traverse. Due to ground effects,

the thrust levels (especiallyof the nose fan) tended to change some-

what with height above the floor. No attempt was made to maintain

" the original thrust levels. The control parameter was tip turbine

supply pressure which was maintained constant during height traverses.
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4.3.5 Wind Tunnel Te_t Prncedures I
i |

In general the desired variations in thrust coefficient (Ca) were
obtained by changing the tunnel speed at a constant fan thrust setting.

The predominant thrust setting used corresponded to a fan pressure

ratio of about 1.14. The tunnel speeds run were in the rarge 33 to 62

m/sec (65-120 kts) giving a Cj range of about 1.8 to 5_5 and corres-

ponding to a Reynolds number range from .6 million to 1.2 million based

on the model referencechord. However, partway through the test a

model structural problem was discoveredwhich required limitinq the

L,mnel sp(,(,dto about 3(_m/see (90 kts) compared to the previously

selected maximum of 62 m/see (120 kts). Thereafter the lowest Cj value

(Ca = 1.8) was run at a fan pressure ratio of about 1.10 while for all

higher Cj values the FPR = 1.14 setting was maintained.

The upper Cj limit of 5.5 was selected based on considerationsof tunnel
flow breakdown. While time did not permit a detailed study of that

limitation,observationswere made of tufts on the tunnel walls at

several fixed angles of attack as Cj was gradually increased. These I
runs were made with the nacelle tilt angle set at 90°. It was observed

Lhat the flow on the tunnel wall beneath and behind the hmdal became in-

creasinglyrough as Cj increased. At V = 33 m/_ec (65 kts, Cj = 5.5)
tileregion uf rou(jhflow had moved forward to a position under the

model tail but there were no significantareas of reversed flow. How-

ever, when the speed was lowered to about 31 n,/secthere were large

areas under the model where the flow was actually reversed. This was

interpretedas a "flow breakdown"situation representinga region where

valid free air testing was not possible. In no case was the tunnel flow

observed to "cli_,bthe sidewalls" as has been observed by others for

_low breakdown situations. It is worth noting that the test limit

determinedby this method is in good agreement with a detailed flow

breakdown study presented in Reference 7.

The thrust balance among the three fans was generally set to provide

approxim,_temoment trim about the moment referencecenter for the

20
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(.j) _tattc cast,. :¢o attemrt was made to readjust the lt_itial static supply

pressure values to allow for thrust changes c _ a_,-_,_'n_mtc moments re-

sulttng from Fnrward speed.

In general, angle of attack sertes were t_r_ _h angle increasing

- from -8° to + 30°. It was noted that som_._/,_;.eresJs existed and that

for certatn configurations this effect w_ appreciable. Thts phenomenon

was not e_plored in any detaJ1 and tn ger_eral the data presented are

all on the same side of the hysteresis toop.

©
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• 4 4 Thrust Bookkeeping _1

The thrust subtrdcted fr(_. the amasured forces was calculated differently

: i. the resolution of wtnd tunnel data compared to stattc test data. ]n

the static test, nozzle total pressure data were not reliable, and thrust

'was obtained f,om a calibration agatnst fan corrected speed. In the rind

tunnel, pressure data were reliable and thrust was calculated from

nozzle total and stattc pressure measurements. As a re.stilt, full sca%e

engine thrust calculations must be performed differently whe, they are

to be combined wtth model wind tunnel aerodynamic data as compared to

static ground effects data.

Whenapplled to wtnd tunnel data, full scale thrust must reflect the

effect of nozzle back pressure on engine performance. This requt' JS

knowledge of back pressure vs. nacelle attitude and airspeed, and the

response of the engine to back pressure changes.

Ourtng static testing, corrected speed did not vary with height, there- ( _
fore ca|culated thrust did not vary either. However, there was sol

evidence, particularly on the nose fan, that nozzle back pressure varied

tn ground e.*fect. Any effect on actua| fan thrust would therefore show

up as an aerodynamic ground effect on the airframe. Therefore, where

static model data is used for fu]] scale predictions, tt should be

: combined with full scale thrust out of ground effect. The result ts t

valld tf the medal and full scale fans react similarly to increasing _.
nozzle back pressure.
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_ 4.5 DataAcquisition

The data acquired during the wind tunnel test program Included: ! _

• btodel force and ii_llent measurements (axial force, normal force, (

. side force, and momentsabout the pitch, yaw and rol1 axis) from i '

an internal,flow-thru,strain gauge baiance, i "_

• Balanc_ temperature as well as the t_4_erature and pressure within

the balance plenum.

• Jet efflux total pressure,static pressure and total temperature. _

i• Pressure and temperatureof the individualair supplies to power

the three turbo-poweredsimulators. ]
I

• Simulator inlet total pressures at the forward (or lower in the I

( ) case of the lift/cruisefans when not tilted) azimuth as well as!
k__ inlet static pressure.

) • SimulatorRPM and bearing temperature. The bearing temperature
was monitored but not recorded.

• Test sectionconditions includingstatic and total pressure and

total temperature.

• Model pitch and side slip angles during wind tunnel tests and ground

height, pitch and roll angle during static ground tests.
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5.0 TEST RESULTS

(] ;
5.1 General Remarks

J

The results of the static hover and wind tunnel tests are presented in

the following sections. In general the results are presented in termsJ

of forces and moments which have had the direct thrust and ram forces

• removed. The resultingforces are given the subscript "A" (e.g., CLA)
" for "aerodynamic". There are several reasons for presenting the data

_, in this form as summarizedbelow.

: 1.0 It is not always possible to exactly balance the two lift cruise :

• fans. This can inLroduce rolling and yawing uK)mentswhich must _

: be r_m_ved in order to reveal the aerodynamiccontributions.

2.0 The nose fan thrust was not exactly constant with angle of attack.

This introducesa variation of pitching moment with angle of

attack wl_ichis best removed to reveal the aerodynamicforces.

A

3.0 The ram force at a given Cj is not exactly representativeof the I_
)

airplane value. This occurs basically because of the mass flow

: added to drive the tip turbine and because of exhaust temperature

differences between the model primary and the actual engine

exhaust. Removing ram forces from the wind tunnel data facilitates

correction to actual airplane ram force levels.

The relationshipof the aerodynamicforces to the total model forces

is illustratedin Figure 17 for a forward speed case representinga

typical STOL liftoff condition. It is seen that the aerodynamicforces

are small relative to the overall model forces. The aerodynamicdata

i thereforerepresent the difference between two large numbers (total

forces minus thrust and ram forces). This of course has an effect on

the relative accuracy which can be achieved in the aerodyna_flcdata.

In using the data to predict airplane performance the "thrust-drag"

24 )
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i(l*" ' bookkeeping system must be taken into account and it should be noted

i that there is a differencebetweenthe systemsused for static data

" ) comparedto that used for wind tunnel data. In using the static data

-_ the full scale thrust "out of ground effect" should be applied since I
i 1 . the backpressureeffecton thrust is already includedin the data. i

i However,in using the wind tunneldata any effects of backpressureon) _ the full scale fan performancemust be taken into account in the propu]-

i sion data used since the thrust removedfrom the wind tunnel data was

based on actualmeasured backpressure. This subject is discussedin

i detail in Section4.4.more

When using the "aerodynamicdata" (CLA, CDA. etc.) containedherein to
I total forces on the configuration,the reverse

determine

of the wind tunnel data reductionprocedure is applied. Unless identi-
fied otherwise,the aerodynamicdata presentedwere determinedwith the

_ distributionof thrust indicatedin Figure 16. If this is the condition

- of interestthe coefficientsplotted can be used directly. If a dif-

l) ferentthrust distributionis being considered,the data concerning

: thrust distributioneffects (e.g.,Figure 31) can be used to determine

an adjustmentto the basic (e.g.,Figure 30) data. The componentsof

direct thrust and ram force for each of the three fans can then be added

to the aerodynamicdata to give total forces. In adding ram moments

equations,C.11 through C.13 can be used. Typicalmeasured ram forces

from the wind tunnel data are summarizedin FigureC.3. However,in

predictingairplaneforces it is recommendedthat ram forces more re-

presentativeof the flight propulsion system be used.

Iii
25

i

1977010093-030



I I 7..................T...................i

15.2 Static Hover Characteristics • _

5.2.1 Effect of Ground Height for Level Model Attitude

The effect of the ground on the induced forces for the basic VTOL

configuration( _ = 90°) is shown in Figure 18 for zero pitch and roll '-

angles. It should be noted that all of the data plotted represent

repeat runs of the same configuration. This was treated as a control ---

configurationto establish repeatability. It is seen that all four :

runs have the same shape while one of the four is displaced by about 2'X,

from the others. This shift was apparently associatedwith measuring

accuracy and probably is not unique to this run. In interpretingthe :,

subsequentplots, where multiple runs are not available, this a_curacy F
limitationon level must be considered. Since curve shapes are apparently

not much affected, the magnitude of the gound effect can be determined i_

as an increment from the free air level measured on the particular run

involved.

It is seen in Figure 18 that the induced forces on this configuration /

are small. Based on the three consistent runs the lift force is within

about _2% of the direct thrust component dependingon ground height.

The regions of positive lift are associatedwith the "fountain"which

fo)_nsunder the model as the three jets impinge on each other as they

spread out on the ground plane.

It is seen that at the largest ground height t_.sted(h/E --5) the

induced lift is negative and equal to about 2% of total gross thrust.

Subsequent tests run with the model inverted to give a more certain
"free air" condition have confirmed this 2% negative induced lift. !.

Since the fans were installedon the model during calibration and were

run individually,this indicatesthat when all three fans are run , ,

simultaneously,the lift realized is 2% less than the sum of the in-

dividual fan contributionsto lift. _

26 :
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_: The free air region extends down to about h/_ = 3.3 (h = 8.4 .w_ters
_r _ for the full scale T-39 demonstration) below which the ground effect

,_ begins to produce a lift increase. The beneficial ground effect peaks _
" out at about h/c = 2.3 and then decreases gradually until at h/c = .8, I

the lift is back to the free air value. _,

The induced "drag" (longitudalforce) and pit :hingmoments are small, i

The negative slupe of pitchingmoment vs. height is apparently associated ! "_

with a rearward displacementof the point of impingementof the fountain I _
on the model. This would be expected from geometric considerations _ -

since the nose fan is pointed 140 rearward. The induced pitching _ ::r,

moments of Figure 18 could be trimmed by changes in nose fan thrust of
±4% (from the free air setting) combined with _2% changes in L/C fan : .7

thrust to hold total thrust constant, _ "

5.2,2 Effect of Angle of Attack _. c

- The ef,ect of angle of attack on the induced forces is shown in Figure 19

) for the case of _ 90° . For positive angles of 50 to 150 the favorable ;
fountain effect found at 0° does not occur while at ot = -50 the !

magnitude of the favorable fountain effect has increasedconsiderably.
i

This effect is related to the location of the fountain as seen in the ::

photos of oil flow on the ground shown in Figure 20. The projection _

of the model was drawn on the floor to help visualize the fountain i

location relative to the model. The dark line is an accumulation of 1oil aL the stagnation point where the three jets meet. Figure 21 pre-

sents a tracing from oli flow photos at various angles of attack. It

is seen that the fountain moves forward with angle of attack and at

a = 50 it passes ahead of the wing and therefore produces little

upward force on t_e model. 011 on the lower model surface indicated

, that the ground oli pattern was in fact, indicativeof the location of ,

the fountain impingementon the model. However, these model oil

patterns were very faint and distinct photographswere not obtained.

For the pitch range tested the greatest lift loss due to ground effect !

) is about 3% of gross thrust relative to the free air llft level.

,.u 27
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: At a --I0°, and a - 15° the induceddragchangesnoticeablywith _.
: height. Thisimpliesthathorizontalforcetrimwilloccur at confoi-

nationsof o and )_somewhatdifferentthanthosecalculatedfrom

directthrustconsiderationsalone.

}

i The effectof angleof attackat )k= 80o is shownin Figure22. The .

_. effectis similarto thatfoundat )_: go°. As themodel is pitched

up the fountainmoves forwardof the wingand its effectis largely

lost. There is,of course,a shiftin the angleof attackat which

the fountainis directlyunderthewing comparedto the )k= 90° case.

5.2.3 Effectsof Lift/CruiseFan TiltAngle

The effectsof tiltingthe lift/cruisefansupon the hovercharacteristics

is presentedin Figure23. Thiseffectis similarto thatof changing

pitchangle. Reducingthe tiltangleto DO°, therebycausingthe

fountainto moveaft,produceda liftincreasesimilarto thatoccuring

* at a pitchangleof -5°. Increasingthe nacelletiltangleto 95o moves

the fountainforwardand therebyreducesliftas did an increasein (

pitchangle. Increasingthenacelletiltangleto 95o alsoalteredthe

pitchingmomentcharacteristicsas did positivepitchangles. Namely,

producin!!more neqative pitchingnx)mentsuponapproachinLqthe qround.

5.2.4 Effectof RollAngle

Datafor combinationsof angleof attackand rollare presentedin

Figure24 and 25. The effectof rollanglesof I0° and greateris seen

to be unfavorableon lift,especiallyfor anglesof attackgreaterthan

zero. At a = i0° and ¢ =-I0° the liftreductionis about4% of gross

: thrustrelativeto the freeair liftfor the samerun. This is the
)

mostadversemodelorientationfoundon thistest,

The inducedsideforcetendsto resistairplanemotionthatwouldbe (

causedby a bankangle,thusprovidinga stabilizinginfluence.The

magnitudeof thisinfluence,however,is quitesmall. Forexample,at

¢ ---15° the Ir,ducedsideforceis about2% of thrust. For combined

pitchand roll,sideforce,which i:.most affectedby pitchchanaes, (
2B
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_ ] only varies2% for a i0° change in pitch. Induced rollingand yawing

- moment ratios change .01 or less for a I0° pitch variation.

5.2.5 Pitch and Roll Control Capabilityin Hover

The maximum pitch and roll control power in hover are shown in Figure

" 26. This control capabilityis comparedto the thrust inducedaerody-

namic pitchingmoments and rollingmoments producedwith a = i0° and

=-100. In both cases, the availablecontrol power is substantially

greater than the inducedaerodynamicmoments for that airplaneattitude.

The controlpower shown is that availablewhen the total airplane

thrust is held constant. The maximum nose up pitchingmoment is

generatedby increasingthe full scale airplanenose fan thrust to

maximum (2495 newtons,11,150 Ibs) while reducingthe thrust of each

L/C fan by half the nose fan increment. For each of the three fans,

maximum thrust is determinedby the fan blade pitch limit. For the

Boeing I041..135-2Rconfigurationof a lift cruise fan V/STOL airplane

(Reference2), the nominal thrust o_ "hethree fans is:

L/C = 2018 newtons (8975 Ibs)

Nose = 1877 newtons (8350 lbs)

Therefore,the L/C fans are reduced to 1709 newtons (7680 Ibs) thrust

each when the nose fan is increasedto maximum thrust. For maximum

nose down pitchingmoment, each L/C fan is increasedto maximum thrust

(2495newtons)while reducingthe nose fan thrust by an amount equal

to the total increasein L/C fan thrust. The nose fan thrust is

thereforereduced to 922 newtons (4100 Ibs). For roll control,one

L/C fan is increasedin thrust (up to the maximum)while the other

L/C fan is decreasedby an equal amount

5.2.6 Static Test Result Summary

In summary,the propulsioninducedaerodynamiceffects upon the hover

configurationof the T-3g lift/cruisefan airplaneare small and show

no sudden changeswith ground height, pitch, or ro11. In free air,

2g
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thereis a 2%loss of lift due to running all three fans simultaneously.

_ The largest lift loss due to ground effect occurs at a combinationof "

I0° of pitchand I0° of rollwhereliftis 4) of grossthrustbelow

the free air value. From the induced aerodynamicmomentsobserved ,

duringthestaticgroundtests,the greatestvariationinthrustof any
• i_

one fan requiredfor trimis 7%. Thisvariationis requiredof the , :

frontfan for pitchtrimand assumesthatthe thrustof thetwo lift/ _"!

cruisefansis alteredby 3.5%tomaintaina constantlevelof total F

thrust.The variationis froma settingfortrimin the staticfreeair

hovercondition.
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I _ _ 5.3 Jet InducedAerodynamic Forcesand Momentsat ForwardSpeeds

! The presenceof the nacelleand the fan effluxproducelargeinterference

i _ forceson themodel. Theseforcesare a strongfunctionof the thrust

coefficientand the angleand locationof the jet relativeto the wing.

o Thisis essentialiya jet-flaptypeof effectwith the addedcomplica-

tionthat the nacelle,at high X's representsa largebluffbody. The

i dataof the followingsectionsare presentedas a functionof Cj, the

I totalthrustcoefficientof all threefans. Unlessotherwisenoted,thedistributionof thrust&mongthe threefansis as indicatedby
)

Figure16. Son_of theplotscontainthe notation"Cj= RAM". This

indicatesthatthe grossthrustwas set to a valueapproximatelyequal
to the ram dragby adjustingthe RPM until fanexit totalpressurewas

i pproximatelyequalto freestreamtotalpressure.
5.3,1 Effectof Thruston AerodynamicLift

- The inducedeffectof the propulsionsystemon liftis illustratedin

_ Figure27 for a valueof thrustcoefficientrepresentativeof STO lift-
off. The directthrustcomponenthas been subtractedfromthedataand

the baselinerun shownis the nacelles-offcase. It is seen thatthe

propulsionsysteminducesan increasein the liftcoefficientat all

anglesof attack. The maximumaerodynamicliftcoefficientand the

angleat which it occursare bothincreasedby the propulsionsystem.

For bothnacelletiltanglesshown( _ = 500 and X = 90°) the increase

in n_ximumaerodynamicliftcoefficientis about.28which is a 19_

increasefruitthe nacelles-offvalue.

The propulsion induced lift effects as a function of thrust coefficient

are summarizedin the following paragraphs.

5.3.2 Effect of Thrust on AerodynamicLift at Constant Angle of Attack

The effect of thrust coefficient on model aerodynamiclift at variouset

X's is summarizedin Figure 28. For )_ = 0° the effect of Cj is seen
to be small. It is slightly favorable whenonly the L/C fans are
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operating and slightly adverse when, in addition to the LIC fans, the ._J

i nosefan is operatedat about30% thrust(thenosefan doorswereopen
in bothcases).

J

?

" When X is increased to 50° the lift at Cj = 0 is unaffected (although>
this may result from a trade of lift gain on the nacelles for lift •

loss on th(,winq). As Cj is increaseda positive lift incren_.ntof ,,.

about .4 is realized followed by a declinimj lift above Cj = 3.(I. The

decrease at higher Cj's is apparently associatedwith the adverse
effect of the nose fan thrust as will be discussed below.

!. At X = 900 and Cj - 0 the nacellecausesa CLA lossof about .4

relativeto the levelat X- o°,cj= O. The nacelleis veryclose
to the wing trailing edge and its pressure field apparently prevents

developmentof the normalflowoverthe inboardwing. As Cj is in- '

creasedthe CLA increasesand at Cj --5.5 it reachesa levelabout .6
abovethe _k--0° level. At thlspoint,the curvehas becomevery _ :

• flat and possibly would turn down at higher Cj due to the adverse nose (_ )
fan effect. The beneficialeffectof Cj extendsto highervaluesat

= go° (compared to _ = 50°) apparently becauseof the relatively

greater influenceof the L/C jets at the higher angle. -_

The adverse nose fan effect mentioned above is demonstrated in Figure

29. In this case, the incremental induced lift due to nose fan thrust

is plotted with the base level being the value of induced lift when

the nose fan is set for static momenttrim. The nose fan thrust values

which result in static momenttrim at each _ are indicated on the

plot. For the STOLcase ( _ = 50°) it is seen that reducing the nose

fan thrust to zero produces a CLA gain of .3. The effect is similar
at _ = 0° (note that the nose fan thrust used as reference level was

41

lower at X = o°). At X = 900 the range of nose fan thrusts tested

was too smallforgood definitionbut a similartrendis indicated :

withinthe dataaccuracy. " i

It is of interest to compare the present lift results wtth those of
( :

i1 32
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_) Reference 1 which represent a large scale model of a somewhat similar
configuratio.. Both configurations have a nose fan and two lift/cruise

fans, however, the present configuration obtains thrust vectoring by

" tilting the L/C nacelles while the Reference 1 configuration utilizes a

thrust vectoring exhaust nozzle. In order to make the comparison the

, data of the present test were converted to the form found in Reference I.

This involves taking the difference in aerodynamiclift between a

powered lift case and a reference case and dividing by the total gross "

thurst of the former. The referencecase used, as in Reference I, is

with nose fan covered and L/C thrust undeflectedat a large V/VJ value.

The results are shown in Figure 30. It is seen that the propulsion

induced lift of the two cu,figurationsis similar. The present con-

figurationhas somewhat higher propulsion induced lift at typical STO

jet deflection angles.

5.3.3 Effect of Thrust on Maximum Aerodynamic Lift

The effect of thrust on maximum aerodynamic lift coefficientis shown

In 31. At _= 0° the effect of thrust is beneficial
Figure slightly

when the nose fan is at zero thrust but is detrlmental when the nose

fan is set at a value which trims the static thrust moments. Increasing

prog'ressivelylowers(CL_max when the thrust is zero. As the thrusL

is increasedat _ = 50° or X = 900 a further decrease in (CL#_max occurs

up to about Co = ].5 followed by a recoveryof maximum lift at higher

Cj valu_;. At the highest Cj values tested the n_ximum aerodynamic

lift is ih'reasedby about .2 compared to the X = 0°, Cj = 0 case.

The effect of hrust balance between the L/C fans and the nose fan on

the maximumaero, ',namtc lift is shown in Figure 32. At ),- 0° and

- 50° the nose _n thrust is clearly detrimental to (£L_ max while
at _ 900 the range o, nose fan thrust values tested was too small tot

reveal any effect on (CL_1' mlIX'

- "_ 33
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5.3.4 Effect of Thrust on Aerodynamic Drag < _J

The effect of thrust on the aerodynamic drag ",s _]lustrated in Figure

33. in this case. the data have been plotted in terms of draq incre_nt

from the zero thrust case. This presentation is used because it is

_: felt that the actual drag levels of the ,_del must be. adjusted for the

nonrepresentative strut fairing as discussed later on _see configuration t

con_onent effects).

Figure 33 shows that the effect of power is to increase the aer)Oynamtc

: drag at a given value of aerodynamic lift. As Cj is increased, a

limiting value of this adverse drag Increment is reached with both the

• limiting drag increment and the Cj at which it is reached being de-
pendent on _,.

, The effect of thrust balance between the nose fans and the L/C fans is
• shown tn ! iqure 34. C_,pared to the very large effect of thrust level,

it is seen that the thrust distribution has a relatively small effect __

on drag. For the CTOLcase ( X = 0°) tncreastrg the nose fan thrust (/)

ratio from 0 to .3 has a beneficial effect whtle the STOLcase ( Jk - 50°')

shows an a_ erse effect of increasing nose fan thrust. The range of

data at _ = 90° is too small to reveal any trends.

: 5.3.5 Effect of Thrust on Pitching Homent

• The induced effect of thrust on the aerodynamic componentof pttchtng

n_nt is shown in Figures 35 thru 37 for tail-on and tail-off cases

at vartou_ engine tilt a;;gles. Some general observations will he rode

from these curves before summ_tztng th_ -,ffects of po_r upon trim

requirements and stability parameters in the succeeding paragraphs.

When the nacelles are tilted (Figures 35 and 36) the pitching moment .*

curves are _ec_ to dtsplay a double break characteristic with a first '_

, nose-up break occurring at a lift coefficient between about .6 and 1.2. ,

depending on nacelle tilt angle and thrust level, and a second break

occurring at higher lift coefficient when the wing stalls. Wtth the
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nacellesnot tilted(Figure37),the breakisnot so prominent.In

the followingdiscussionreferenceto lowCL and highCl willbe used

, to indicatethe regionswhichare,respectively,belowand abovethe

• firstpltchlngmomentbreak. •

" At k = go° (Figure35) it is seenthattnetailprovidesa large

increasein stabilityat low CL valuesbut not at h_ghCL'S. The tall ,,

contributionto stabilityat lowCL'Sis seento increasewithincreasing

thrustcoefficient.

_ At X : 50o (Figure36) the tail-offconfigurationis seento be stable

at low CL values. However,the tailcontributionto stabilityinthis

i caseismuch lessthanat Alsothe sensitlvityoftail-on
go°.k

) stabilityto powerat lowCL'Sis greatlyreducedat X : 50o compared
| to X _ go°. At higherCL'Sthe tallis seento providea stability )

)
)

increaseat thehighCj value_.

J

thrtmstcoefficientproducesa smallincreasein tail-offstabilityas

seenin Figure37. It is alsoseenthatwhenthe tailis on, an in- )
creasein Cj appearsto havelittleeffecton stability,as faras c_n

be determinedwiththe relativelysm_llnumberof datapointsfor the

power-offcase. Thisdatarepresentsthe highspeedend of theV/STOL

flightenvelope.For thiscase,it is importantthatthe tailprovide

allof the stabilityand controlfunctions.It is clearthatthe tail

is providingeffectivealphastability.Trimrequirementsappearto

bewithinairplanecapabilitywiththe nosefandisengaged.

5.3.6 Effect of Thrust on Trtm Requtremnts

" Becauseof the high degree of non-ltnearity in the data (Ftgures 35 and

36) any summaryof trim requt_ents becomesdependenton the conditions

chosento perform the analysts. To illustrate the effect -
of powerandnacelle tilt angle on trim requirements, pitching moment

wtl1 be summarizedfor a constant value of aerodynMtc ltft coefficient.
t

( o
3S
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The effectof thruston pitchingmomentfor the tailoff configuration )
is summarizedin Figure38. The resultobtainedfor aerodynamicpitchinu

nx)mentis stronglydependenton tilemanllerin whichram mo,_ntsare

accountedfor. The methodof removingram_momentshas beendescribedin

detailin AppendixC. The effectof ram dragis to pr,_ducea large

positivepitchingmomentproportionalto Cj. It is seenin Figure38,
thatfor all valuesof )kthismomentis at leastpartiallyconq_ensa_ed

by the negativevalueof aerodynamicpitchingmomentinducedby thrust

effects. For Cj below3.0 at X = 50° the negativeinducedmomentis
evengreaterthanthe positiverammomentswith the resultthatthe

totalmomentis negative. For )k= 0° and nose fan inoperative,the

totalmomentsare nosedown. By firstremovingthe directthrustmoments,

thenremovingthe rammoments,it can be seenas statedabove,that for

thiscasealso,the r_,,momentsare positiveand are partiallyoffsetby

thenegativeaerodynamicmon_nts. As discussedinAppendixC, the nw}del

ram forceis lessthanthatwhichwill occurfullscaleat the sa,_ thrust

coefficient.The requiredcorrectionto fullscaleha_ beenn_de for tht-

casesshown in __gure38, as shownby the curvesthuslabeledin that I
Ifigure.

The momentsresulting from ram forces and aerodynamic force_ can be

trimmed by varying the thr_ast distribution, by changing horizont_,l

tailincidence,or by somecombinationof these twomethods. Figure39

i11ustratesthe changein thrustdist.ibution_equired)6 _henw)mentsare

trimmedentirelyby r_ansof thrustforces(thed,_tashownare tail-off).

An iterationwas perfo),_edtoallowfor the factthat rammon_ntchanges

,)_the thrustdistributimlischanqed. The ram m_,_nt_usedwere those

which had been corrected to full scale and it was dsstmwedthat the nose

fan and L/C fan thrusts were col_.ectively changedsu as to hold total
thrust constant, It is seen that the nose fan thrust ratio reducticx_

'+ required for trim is about 10 at X = 50° and •20 at X = 90° relative "

to the static hover case•

o

5.3.7 Effect of Thrust UponLongttudt_l Stability and Control Parameters

Several longitudinalstabilityand controlparametersh_ve been evaluated

36

-_mim_li--mmlm ....

] 9770] 0093-04]



I L I 1 I.......i

BmJJAIfO c ..A v

• for the tested configurationsand are summarizedin Figures 40 thru 44.

These include lift curve slope, neutral point location,horizontaltail ! _

effectivenessand downwash at the horizontaltail. It should he re-

" ,_mbered that only the aerodynamiccharacteristicsare being analyzed irl !

! that the effects of thrust and ram forces have been excluded.

j t

The aerodynamiclift curve slopes are presented in Figure 40. The

nacel]esare shown to produce an increase in lift curve sl_pe wililein _ "_
}

their untilted position. Tilting the nacelles degrades the lift curve

slope. The effect of thrust is to increase lift curve slopes for the

CTOL and STOL configurations,while it was found that thrust increases ;

reduce the lift curve slope,_of the cruise and VTOL configuration. _

As discussedin the previous section, the pitching moment curves

exhibita double break characteristic. Hence, evaluation of the aerody-

namic neutral point location (i.e., the center of gravity position at

which the aerodynamiccontributionto static stability is zero) was

conductedseparatelyfor low lift values (Figure41) occurring below
the first break in the pitchingmoment curve and for higher lift values

(Figure42) occurringbetwe_- the first break and wing stall. The

analysiswas conductedonly at low lift values for the VTOL configuration

since the first hreak occurs at fairly high lift levels. Neutr_l point

locationsare presentedwith the horizontaltail set at zer()incidc;,ce

and with tail-off. For comparison,the neutral p()intlocationwith i

nacellesand horizontaltail removed is also presented. At the lower

lift levels (Figure 41) it is seen that for all tilt angles the complete

configurationis more stable than the nacelles-offtail-off configuration.

In all cases presented,the horizontaltail contributes to the stability.

The smallest contributionmade by the tail is at X = 500. The

stabilityof the cruise and STOL configurationsis relatively insensitive

to thrust increases,whereas the stabilityof the VTOL configuration _:

is significantlyincreasedat high thrust values. For high lift levels

• (Figure42) the general trend with thrust for the cruise configuration

remains the same. For )_ --500 the complete configurationis sliqhtly

less stable than the nacell(:s-offtail-off configurationat low Cj(
37
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_: values and shows a further decrease in stability at thrust coefficients ,?'

above 3.5. Comparison of tail-on versus tail-off for both the cruise

and STOL configurationsindicatesthat the tail still contributes to

the longitudinalstability.

Figure 43 presents the horizontal tail control effectiveness. The

: control effectivenessis the change in pitching moment due to changes

in horizontaltail incidence (_CpM /_). The figure compares the tail/

control eff_'_tiw_ne_smedsured in A the test with a pro-test theoretical

estimate, for the cruise and STOL configurations,the tail effe(.tiveness

is near the theoreticalvalue and is not appreciably affected by thrust

variation. The tail effectivenessof the VTOL configurationis far

below the theoretical level when power is off, but is shown to approach

the theoreticallevel with increasing thrust.

The downwash gradient at tilehorizontal tail is shown in Figure 44.

This parameterwas computed from the interceptsof the lower part of ]

plots of aerodynamicpitchingmoment as a functionof angle of Ithe
I

attack for horizontal tail-off and for horizontaltail-on _c two dif-

ferent incidenceangles. The interceptsof the tail-off and tail-on

curves provide the angle of attack at which downwash is equal to the

horizontal tail incidence. For the cruise and STOL configurations,an

increase in thrust coefficient increasesthe downwash gradientwhile it

decreaseswith thrust for the VTOL configuration. This relates to

the previous discussion of neutral point location which showed that

the contributionof the horizontal tends to diminishwith thrust for

the STOL configurationand tends to increase with thrust for the VTOL

configuration.

o

u

(I ")
3t_

1'
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_ 5.4 Cross-Windand DifferentialThrust Effects

_ The effects of differentialthrust and sideslip upon the model in its

; VTOL confi_,_ration( _ = 90°) were investigatedat sideslip angles of

_ 0°, 50 and 100 (FiguresA.7, A.8, and A.9 in Appendix A). Yawing moments

• are son,what difficult to interpretdue to large zero shifts in that

• balance component. This problem is illustrated in Figure 45 which shows

yawin(lmoment**;ns a functionof angle of att(_ckfor several confi_lurdl.ions

and sideslip ,mcllt:s with X _ 90° and Cj 3./. It is seen th,lt the !
data at zero sideslip indic,iresa yawing nw)mentcoefficientof about !

+.03. However, the zero shifts encountered for Lhe group of runs shown :

: in the figure ranged from 0 to +.02 with a shift of +.015 being typical

This amount of uncertainty could well affect the interpretationof the i

data. Because of this problem, it is felt that the cross-wind character-

istics are not definitive. Assuming, however, that the model had no

residualyawing moments at 13= O°,the data at both sideslip angles

would indicate the configurationwas stable in that mode over most of

If the angle of attack range with neutral stability at low angles of attack• *
The contributionof the vertical tail surface is marginally stabilizing

at 13= 5° and destabilizingat B = 10° .

The lateral-directionalstatic derivatives for the VTOL configuration

at angles of attack near zero are shown on Figure 46. This analysis

indicatesthat _r the most part, the configurationis staticallystable

except for the directionalstability. The directionalstabili_ is

degraded by increasedthrust but improves dramaticallywith angle of

attack as shown on Figure 46 by the data at a = _. As mentioned above,

if the model is assumed to have no residualyawing moments at _ = U°,

the directionalstabili_ would be neutral to positive _r all thrust

values. This analysis is based on the data shuwn on Figure A.IO thru

I A.17 of Appendix A. The incrementsshown are the differencebetween
the _ = 0° and B = 50 data.

k

The effect of differentialthrust upon the model in its VTOL configuration

was _und to he negligible (FiguresA.7, A.B and A.9 in Appendix A). The

39
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)thrust differential amountedto as muchas a 20% increase in the nose fan _.J

: thrustfromits nominalsettingfor the fore-and-aftdifferential,and a

: 20% reductionin one of the lift/cruisefansfor the side-to-side
o

-- differential.In somecases,the differentialwas producedby increasing

the thrustof one lift/cruisefanwhile reducingthe thrustof the other.

: The differentialthrusteffectsdid not changewith side-slipangle. •

Note thatin FiguresA.8 and A.9,the differentialthrusteffectswere ,,

onlyexplorednear zeropitchangle.

T { '\!

. 40
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configurationbuildup testingwas perforn_d as
A limited a.qlount of

i " su,l.arizedin l,hi',s_,ction. The disc'Jssionwill generally be limit(:dto the lift and pitching moment effects because the drag data are

I generally not sufficientlyaccurate to allow comparisonsof relatively_. small differencesbetween configurations. Some of the drag data are !

discussed in a sepal'ateparagraph at the end of the section.
2

I_ 5.5.1 Effect of Nacelles

: i The effect of nacelles on the tail-off lift and pitching moment data I

_ _: is shown in Figure 47 and Figure 48 for the CTOL and loiter configura-

Lions, resp_:ctiv(:ly.It i_ seen that the nacelles produce a neqative !

change in lift at low angles of attack but increase the lift curve

i slope and result in an increase of about .13 in maximum lift coefficient. ]
For both flaps-up and flaps-downcases, the nacelles produce an iwl- I

crease in tail-off stability, i

(
; ,, 5.5.2 Effect of Flaps )

The effect of exte,_dingthe trailingedge flaps and leading edge slats I

is shown in Figure A.33 (AppendixA) for the CTOL configurationand II

(Figure A.37 (AppendixA) for the nacelles-offcase. For both the

nacelles-offcase and the CTOL at ram thrust case, the incren_nt in i

maximum lift coefficientdue to flaps is about ,50. The somewhat

larger increz_ntof .65 for the power-on case is due to a premature

stall for the power-on flaps-up case. For the CTOL power-off and the

nacelles-offcases, there is no change in stabilitydue to flaps while

the flaps are slightly stabilizing for the CTOL power-on case. It is

noted that the negative shift in pitching moment due to flaps is much

less with the nacelles on than for the nacelles-offcase.

5.5.3 Effect of Aileron Droop

The effect of drooping both ailerons T5° on the STOLconfiguration is

shown in FigurP A.28 (AppendixA). i_ is seen that a gain in maximum

41
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lift coefficientof about .2 was realized.

5.5.4 Effect of Nacelles on Dwag Level

The effect of the nacelles upon drag for the ram thrust case is

summarizedin Figure 49 in terms of CDA as a functionof nacelle tilt
angle. Two curves are shown, one for the basic nacelle strut and one

: for a modified nacelle strut. Out of necessity, a portion of the lift/ --

cruise fan nacelle strut was rotated with the nacelles during the wind

tunnel test program to cover plumbing to the turbopoweredsimulators

and the "blown" primary. Th,,tfairing which would not be present on

the full scale airplane, had a large effect upon the drags of the STOL

and VTOL test configurations. To assess the drag difference due to the

fairing, a test run was made with the fairing removed and tape and wax

applied to cover and fair over the exposed plumbing and instrumentation.

The basic fairing and an indicationof the wax fairing are shown in

_ Figure 7. The reduction in drag coefficientdue to removing the basic

fairing amounted to about .15. A further reduction is anticipated if |

Ithe plumbing and instrumentationand their fairing could have been

eliminated. Also presented in Figure 49 is an estimate of the STOL

configurationdrag from Reference 9. It is seen that the estimated

level is very close to the level measured on the model. This indicates

: that the estimate is probably conservativefor the power-off case since

the model drag level is believed to be subject to further reduction

with a more representativenacelle strut fairing.
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k_ 6.0 CONCLUSIONS

i. Propulsioninduced forces and moments measured during static ground

tests were found to be small and showed no sudden changeswith
variationof ground height, pitch and roll.

4

2. A hover lift loss of 2% of gross thrust was found for heights far -_

from the ground. With the model in a level attitude,there was no

additionallift loss due to ground effect at any ground height.

The largest inducedlift loss due to ground effect occurred at a

combinationof 100 of pitch and 100 of roll where a loss equal to .

5% of gross thrustwas measured.

3. Observed inducedmoments for static hover in ground effect can be

trimmedwith less Lhan 7% variationof nose fan thrust from the

value for free air static trim.

_ 4. Usable propulsioninduced lift for the STOL configurationwas found
to be 19% of the nacelles-offlift level. The incrementis based

on maximum lift.

5. Drag levels measuredwith lift/cruisefans tilted are not

representativeof the drag of the full scale airplanedue to

non-representativenacellestruts which rotatedwith the lift/
}

cruise fans out of necessityto cover plumbing to the turbo-powered

simulators. The aerodynamicdrag tended to increasewith thrust.

6. Propulsioninducedaerodynamic(wing)pitchingmoments were large

nose-downmoments with the lift/cruisefans tilted. The ram

, moments are counteracting,thereby reducingtrim requirements.

7. The effect of the n_celleson longitudinalstability is very

dependenton nacelle tilt angle, angle of attack, and thrust '

coefficient. In general,the nacelles tend to be stabilizingat

_ low nacelle angles and destabilizingat the highestnacelle angles. )

I
&
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,/l)8. The effect of increasing thrust coefficient is generally to

; increase the longitudinal stability, especially at high nacelle

tilt angles. .

g. The VTOL configurationhas good directionalstability at high

angles of attack which degrades as angle of attack is reduced.
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FAIRING ATTACHED l

TO FUSELAGE

TOP VIEW OF NACELLE/FUSELAGE FAIRING FAIRING ATTACHED
(BASIC. CONFIGURATION)

......... _ TO NACELLF

I
.AIR SUPPLY AND NACELLE FAIRING

C__...._ii_ i ....- _-[. .c,,ON'A'-'A' l- i

// IALTERNATE FAIRING

HODELLING CI A¥ "-. ""_--_..- ...

ViEW SHOWING NACELLE

BASIC FAIRING REMOVED

6

FIGURE7 DETAILSOF NACELLE/FUSELAGEFAIRING _
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(_ APPENDIX A

I WINDTUNNEI.TEST DATAAppendix A contains plots of all valid data runs obtained from the

wind tunnel tests conductedunder this contract. Each figure consists

of three pages for symmetrical data, or six pages for assymmetrical

data. Parameters plotted are:

CLA vs ALPHA i

Symmetrical CDA vs CLA

Data CPMA vs CLA

The above parameters plus

Asymmetrical CRMA vs ALPHA i

Data CYMA vs ALPHA
CSFA vs ALPHA

The data represent "aerodynamicdata" in that direct thrust and ram

forces have been removed. The aerodynamicdata does contain propulsion

induced effects. The determinationof direct thrust and ram forces is

_' discussed in Appendix B and the removal of direct thrust and ram forces _,

is discussed in Appendix C. Also presented in Appendix C (FigureC.I) i

is a tracking of data through the reduction process and a description i

of the wind tunnel wall constraintcorrectionswhich were applied to 1

the data.

Out of necessity, a portion of the lift/cruise fan nacelle strut was

rotated with the nacelles during the wind tunnel test program to cover

plumbing to the turbopoweredsimulators and the "blown" primary. That

fairinghad a large effect upon the drags of the STOL and VTOL test

configurationswhich would not be present on the full scale airplane.

To assess the drag difference due to the fairing, a test run was made
o

with the fairing removed and tape and wax applied to cover and fair

i,.,, ....b . i._o.,,i_i|. 4It!

I
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over the exposed plumbing and instrumentation. As discussed in the

body of the report, the reduction in drag coefficientdue to removing

the fairing amounted to 0.15 but further reductionsare probably

possible. The drag data in this appendix are not representativeof

airplane drag levels to the extent that they are affected by this fairing.

g

Figures A.18 thru A.21 contain data which were taken with a ground plane
installed in the tunnel. While these data do not representground

height series, there was some variation of ground height as the mode]

was pitched. Since these data were corrected mr wall ef_cts of

three walls only, the ground effect is a part of the data. The ground

height to model mean aerodynamic chord ratios can be representedby

straight lines between the following three points: _ = -50, h/_ = 2.45;

= 120, h/c = 3.40;_= 31°, h/c = 4.90. It should also be noted

that the ground plane reduced the tunnel width (which is "height"

relative to the model since it is installedwith wings vertical) from

105 inches to 77 inches.

' t
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( Model Nomenclature

' The plots in this appendix contain a shorthand notation to designate the

specificmodel configuration. This notation is defined as follows:

CI Trailing edge flaps deflected

i _ Trailing edge flap door down i

[ Leading edge slat extended !

i Nose fan doors in open position (both upper & lower) i"*_

i Basic nacelles and nacelle - fuselage fairings installed i
I

i

• C2 Same as CI except trailing edge flap door is up
(i.e., it is aligned with the basic trailing

" ! edge flap)

l
C3 Trailing edge flaps deflected

: Trailing edge flap door up :

Leading edge slat extended

( li Nose fan doors in closed position (both upper & lower)Basic nacelles and nacelle - fuselage fairings installed

C4 Trailing edge flaps & flap door nested

Leading edge slat nested

Nose fan doors in closed position (both upper & lower)

Basic nacelles and nacelle - fuselage fairings installed

C5 The lift/cruisenacelles and the portion of the nacelle -

fuselage fairing attached to the nacelles are removed from

the model. The resulting cavities on the body sides are

taped over for a smooth fairing.

Nose fan doors in closed position

* Leading edge slat nested

Trailing edge flap position as noted by "F'_designation

G Main and nose landing gear and landing gear doors installed

:

IJf.L ,,,Jllll ,_14t_ qJl'ltG 4tl!
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V Vertical tail installed _T_

t
!
4

H llorizontaltail installed i

F25/25 Trailing edge flap deflected
I

Trailing edge flap door aligned with flap .

F25/110 Trailingedge flapdeflected

Trailingedgeflapdoordown

Note: C1 thruC5 do not havetailsurfacesand gear installed

unlessfollowedby the appropriatesymbols,

Example: CIGVHis C] withgear,verticaltailand horizontaltail

installed.

I00 (
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Nomenclature for Appendix B

j,{ , AHI Inlet llighlightArea

I ATH Inlet Throat Area

_. CVF Fan Nozzle Velocity Coefficient

CDF Fan Nozzle Flow Coefficient

CD2 Inlet Flow Coefficient

! I1; Corrected Gross Thrust
i 8AMB

_ MpR Primary Mass Flow _.

( P ,% FSC Chamber (Free Stream) Static Pressure

_ PT2 Inlet Total Pressure

t

,' PS2 Inlet Static Pressure
;

PT3 Fan Nozzle Total Pressure

PS3 Fal,Nozzle Static Pressure

PT4,PTPR Primary (Core) Nozzle Total Pressure

PT5 Tip Turbine DischargeTotal Pressure

" t

TTpR Primary (Core) Nozzle Total Temperature 1
@

RPM Corrected Speed

VFS Free Stream Velocity
XB Height of Distortion-Generating Blade _bove Inlet Highlight
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APPENDIX B

THRUST CALIBRATIF)HS

Thrust calibrationsof the turbopoweredsimulatorswere conducted in the

Boeing Flight SimulationChamber (FSC), and with tilesimulators installed in

the im)delduring the static ground tests and du_ing the wind tunnel test. The

initialcalibration conducted in the Flight Simulation Chamber provided the

effects of nozzle back pressures above and below ambient pressure, thus simu-

lating ground effects, nozzle back pressuringdue to thrust vectoring in

excess of 90° to the free stream, and ram conditions in forward flight. The

trends obtained from this calibration were coupled with absolute levels

obtained from in-place calibrationsduring the wind tunnel test. The FSC

calibrationsrelated the thrust, as measured by strain gauge balances, to:

ideal thrust calculated from fan exit static and total pressure and total

temperature;fan RPM; and fan tip-driveair supply pressure and temperature.

During static tests the relationshipof thrust versus RPM was used in deter-

mining thrust. Because of expected inlet total pressure distortion in the

wind tunnel for certain combinationsof inlet angles of attack, forward speed,

and power setting, the thrust was determined from fan exhaust pressure and

' temperaturemeasurementsduring wind tumel tests. Thrust versus tip-drive

supply pressure served as a back-up methoQ of determining thrust.

Hodel DescriPtion

A schematic of the lift/cruisefan nacelle is shown in Figure B.l. The turbo-

powered simulatorswere 14 cm (5.5 inches) Technology Development Inc. tip-

turbine driven fans supplied by NASA for this test. The model scale was thus

selected to fit the available fans. A fan mad and a thrust calibration with

ambient back pressure to the fan (zero convergence fan nozzle) were available

from NASA CR-2051 (Reference4). It was decided to operate the model fans at

the pressure ratio of the "study"engine Allison PD370-16, a T701 derivative

(ReferenceF_). Since thrust data were available only for zero fan back

pr(,ssure,the nozzle ar(_,_w,_s_,:tequal t;)t,_nfl()wdre,_plus 2% allowance for

boundary layer growth. The model scale was therefore defined by the square

root of the ratio of model thrust produced at that exit area to full scale
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' "_"............................ "_"...........----_--_............. 11 1 II ...... I" il-
k

II

-

1977010093-258



!

I 1 I '
! I i

/

T.EBOHJNO _o_._Nv

thrust, with nozzle pressure ratios reproduced in the model.

External lines of lift-cruise nacelleswere scaled from a drawing of the NASA

V/STOL technologydemonstrator (Reference9) modified in a few areas as dis-

cussed below. The inlet was patternedafter a 0.9 scale lift/cruise inlet

model tested in support of the V/STOL program (Reference10). The internal ,_.

lines of the 0.9 scale model were non-axisymmetric,with the contraction

,'atiohigher on the bottom of the inlet (with the nacelle in the forward

thrust position). The 0.094 scale po;_eredmodel, fabricated for the present

' test program, required about 20% less inlet area because of the tip turbine

l'1(_w.Th(:throat was thereforereduced to maintain the throat Mach number

and thereby maintain the inlet's ability to operate at high angles of attack

and low mass flows The reduced throat area requirementof the model coupled

with the scaled, large highlight allowed the selectionof an axisymmetric

inlet with a contraction ratio AHI/ATH : 2.0 which exceeds that on the bottom

of the non-axisymmetricfull scale inlet (1.76). The coordinatesof theI

! powered lift/cruisemodel inlet are ShOWn on Figure B.2. The outer wall of

the fan nozzle of the lift/cruise nacelle was axisymmetric. The centerbody

was designed with an elliptical cross-sectionassuming that the engine and

airplane accessorieswould be distributed between the top and bottom of the

core engine. This design reduces the internal nozzle curvaturesand also

provided a representativeflow area in the vertical plane for thrust vector-

ing vanes. The fan duct was held at nearly constant area, increasingonly

2% to the nozzle exit plane. The fan nozzle of the PD370-16 engine being

simulatedwould be a variable area nozzle and actually divergent at low

sp(,(,(Is.Thrust v_(:Lorinqvanes were installed in the lift-cruise Can nozzle

exits to provide yaw control when the nacelles are tilted 900 for lift pro-

duction.

: The primary nozzles of the lift/cruise engines had scaled exit areas and were

, slightlyconvergent, although the PD370-16 primary nozzle would be divergent,
, ¢

The model nozzle was supplied with high pressure air off the turbine air

_' supply which was reduced to the required pressure through choke plates and
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The inlet of the nose fan was designed as a short non-axisymmetricbellmouth.

The contractionratio of the bellmouth varied from 1.76 on the forward part

to 1.4 on the sides and aft portion. Fi(lureI_.3shows several sections of

the inlet. The nozzle of the nose fan was a cylindricalduct cut off at 15°

to its axis. The fan hub was not faired out but left as a base in the nozzle
l

exit plane. Like the lift/cruisefans, the nose fan was fitted with vanes

for yaw control. A schematic of the model forebody is shown in Figure B.4. -'_'

It should be noted that the upper half of the forebody was left on the fan

simulator during calibrations in the flight simulation chamber.

The model nozzles were instrumentedwith total pressure rakes, static pressure

taps and thermocouplesto provide the required data to define their velocity

and flow coefficients. The lift/cruise inlets were instrumentedwith static

l.apsfor flow (:alibrationand one l.otall)ressurerake to detect inlet flow

separaLion.

The schematics of the instrumentationare shown on Figure B.1 and depicted I
!

in Figure B.5. The outer probes in all fan nozzle rakes were placed in the

tip turbine stream and manifolded together. The remaining probes were read

individuallyon nacelle "B" and the nose fan "C", but manifolded by rake in

nacelle "A". All statics were read individually.

Flight Simulation Chamber

A schematic of the Flight Simulation Chamber (FSC) is shown cn Figure B.6.

Air is drawa through the model into a stilling chamber, then through one or

a set of critical flow venturis and finally exhausted to the atmesphereby

an ejector. The model is mounted on a balance where thrust is measured.

Airflow is measured by the Multiple Critical Flow Venturis (MCV). The

chamber pressuremay be maintained below amLient by proper selection of

venturis and suction of the ejector, thus simulating the ram effect encountered ,,

in a wind tunnel or in flight. With powered models, the chamber may also be

maintained at a pressure above ambient, simulatingback pressurizationdue

to ground proximity,jet interference,tailwind, etc.
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A total pressure probe on an X-Y translatingmpchanism was mounted inside the

FSC and used to survey the primary nozzle flow.

Test Procedure

" Airflow through the FSC is a function of the selected venturi _ize and the

total pressure within the chamber. The model was to be calibratedover a "_"

range of back pressures equivalent to speeds up to 77 meters/sec (150 knots),

and over a range of power settings from near zero thrust to about 85% RPM.

Data from Reference 4 indicated that the fan nozzle airflow at that RPM would

be about 2.72 kg/sec (6 Ib/sec). The test was therefore conducted by vary-

ing airflow from 2.72 kg/sec (6 Ib/sec) to about 0.91 kg/sec (2 Ib/sec) in

0.23 kg/sec (I/2 lb/sec) increments by installingappropriatemultiple

critical Venturi Combinations (MCV). At each MCV setting, fan RPM was

varied over the required range to produce an FSC internal pressure from 5%

below to 5% above ambient, correspu.,dingto the ram effect at 82 meters/ sec

_ I (160 knots). Generally, five back pressure levels were set: PFsc/PATMO =
I .95, .975, 1.0, 1.025, 1.05. Occasionally, .'an_tall was encounteredat

higher back pr _suresand some test points were omitted. Generally, three

scans of data were taken at each test point. A warmup run preceded data runs,

because air at 71°C (160OF) was required to drive the tip-turbinesand avoid

icinq of fan shroud, blade tips and stators.

Calibrations

Nacelle pressure instrumentationwas routed out of the FSC to a bank of

scannivalvesand the output was recorded by the BTWT Astrodata System. FSC

pressuremeasurements were routed directly to dedicated transducers.All

pressure transducersand the entire electronic system were periodically
C

• calibrated by applying a pressure balanced by a deadweight tester to the

transducerand comparing the output to the deadweight tester. Airflow

) measurementswere made using calibrated Multiple Critical Flow Venturis

(MCV's). The MCV s trace their calibration to the Colorado Engineering

i Experiment Station•
7,

i( I' 256

..... ".......=........''.'.........,"","-_ ............n nl.... _ .............. __.. -__

i

i9770i0093-26i



I r I I
f

b•._ eofJNO _<>M.....
-N

Thermocoupleswere compared to a standard thermometerprior to runninq, when

the nacelle and chamber were at a steady temperature. The force measuring

system included two balances, bellows to bridqe the high pressure air supply

to the metric side and pressure compensatingbellows to reduce tare forces on

the metric portion of the FSC. Balance calibrationswere checked by hanging

weights and bellows pressure tares were obtained by repeating balance calibra-

tions with pressure applied to the bellows. Momentum tares as well as the

proper operation of the pressure and flow meas,.,rementsystem were checked by

running a known reference nozzle prior to installationof the model. The

indicatedflow coefficient of the known nozzle checks the FSC pressure,

temperatureand flow measuring system, while the indicated thrust coefficient

provides the momentum tare, if any.

Vg]ocitZ and Flow Coefficients

Equations for fan ve;ocity coefficient,fan flow coefficient and inlet flow

coefficientare qiven below, starting from averaged pressuremeasurements.

.l
CVF = FGTOT - FpR B.I

MTTVITT + MFVIF

where:

FGTOT = total thrust from balance

FpR = calculated primary thrust

MTT = tip turbine mass flow

VITT -- tip turbine ideal velocity = f(PTTT,P TTTT)

MF :- r,)_,mass flow

VIF = fan ideal velocity _ f(PTF, Po, TTF)

PTTT,PT5 = average zip turbine exit total pressure ,+
(6 manifolded probes) ,

TTTT : tip turbine exit total temperature >

C)• i

2s7

¢
4
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TTF - fan exit total temperature (average of 4) -,

" PTF'PT3 : average fan exit total pressur_ For the nose
fan and one L/C fan it is the area weighteH
average of 24 probes; for the other L/C far,
it is the area weighted average of 6 rakes,
each a manifold of 4 probes).

Po'P_ --- FSC chamber (freestream) static pressure

| * The primary thrust was obtaine.dfrom a translatingprobe survey at the primary

'[ nozzle exit plane from which the mass flow and thrust were calcJ]oted and
' $ all.z.

_ _orrelated with measured nozzle pressure ratio. The calculated mass flow of!

I the primary was subtractedfrom the total measured supply flow to obtain the
tip turbine flow Subsequently,primary thrust was calculated by applying

the above mass flow split to the measured supply flow and multiplying it by

i the ideal velocity based on measured primary total pressure and _ velocity

c:.efficientwhich relate._the manifolded primdry total pressure rake to the

av_._ragepressure obtained by the survey.

FpR : KpR x WMCV_2 x VIpR x CVpR B.2

•_ where:

KpR = fracticn of total supply flow to primary

WMCV_2 = total supply Flow

VipR = ideal velocity = f(PTPR, PO, TTPR)

CVpR = VIpR

ideal velocity bPsed on probe survey of exit ar_-_

The fan mas_ flow was measured as the difference )f tot_ ma_s flow dr,_wnout

of the FSC through its bank of critical flow Venturis and the total supply

flow to tae tip turbine and prim_.ry. ._.

MF = WMCV_4 - WMCV_2 (see Figure B.6) B.3

The fan flow coefficientwas defined in an unusual manner due to the fact

:, that the fan nozzle also passed the tip turbine flow, and because it v,'as

; related to internalnozz|e static pressure rather than ambient pressure. The

•_ , tip turbine flow and the geometricarea of the tip turbine includingthe fan

W_ shroud were excluded from the definition because the tip turbine flow could

258
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bemeasuredduringthe wind tunneltest. The averagestaticpressurejust .(i
insidethe nozzlewas used co extendthe usefulnessof the staticflow

coefficientto wind-onconditionswherethe nozzleexit plane is subjected

to significantlocalpressurefieldscreatedby the airframeand ground •

proximity.

CDF = MF/MIF B.4

where:

MIF = f(PTF,PSF,TTF,AF)

PSF = averagefan nozzleexit staticpressure

(L/Cfans:4 taps,nose fan: 6 taps)
i

AF = flowarea fromrotor hub to fan shroud

The fan ductand nozzlewere designedat a constantarea equal to the fan

exitarea,plus2% for boundarylayergrowth. Thus, using the fan rotor

flowareawas equivalentto usingthe fan nozzleexitarea less the tip

turbineand s roudarea. [ :
!

The thirdcoefficientcalculatedwas an inletflowcoefficient.

CD2 = MF/MI2 B.5

where:

MI2 = idealinletflow= f(PT2'PS2'TT2' A2)

PT2 = inlette]alpressure: atmosphericpressure

PS2 = inletstaticpressureC_verageof 4 taps)

TT2 = inlettotaltemperature

A2 = geometricflowarea in the planeof the static
pressuretaps

Results

Velocitycoefficientsand flowcoefficientsfor lift/cruisefans "A" and "B"

and lift fan "C"with yaw vanes set at 0o as deter_._inedin the flightsimula-

tionchamberare shownon FiguresB.7-B.12. The data are plottedvs. fan

' totalpressureratioratherthan themore commonfan nozzletotal to ambient }
w
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i_ I. ) static pressure ratio. This was done because, in fan powered models, nozzle

coefficientsare stronglyaffected by fan power setting and back pressure

: ratio (PT2/Ps3)through their effect on total pressure distribution at the

• nozzle charginq station. The data trends in Fiqures B.7-B.12 were subsequent-

ly used to calculate gross thrust and ram drag fr()mpressure and temperature

measurementsin the wind tunnel. A correction to the velocity coefficients

was applied based on results of in-place calibrations in the tunnel using

the model internal balance. ._.

Velocity and flow coefficient cur_es for back pressures above inlet pressure

(PT2/Ps3< l.O) often drop or rise steeply at low fan power settings, see
Figures B.7 to B.12. This is due to fan stall and the ensuing increase in

PT3 distortion. When distortion increases,tilecalculated average total

pressure PT3 may he biased above or below the true effective total pressure.

Inlet distortion generated by a sharp blade across one inlet is shown on

Figure B.13. The blade was positioned such that its upper edge was 2.34 cm

(.92") above the inlet highlight. The inlet rake was completely in the wakeof the blade, showing a recovery of .85. This inlet distortion produced a

fan exit total pressure distortionas shown on the lower half of the

Figure B.13, where data with and without the blade are compared. This distor-

tion produces e variation in the calculated flow coefficientand velocity

coefficientas shown on Figure B.14. The data show that if inlet separation

occurs in the wind tunnel at high nacelle angles of attack, thrust and air-

flow calculated from coefficientsobtained without distortion may be in error

by several percent.

Actual distortionmeasured during the wind tunnel test for fan "B" (lift/

' cruise fan) and fan "C" (lift fan) are shown on Figures B.15 to B.25. Nose

fan data is shown on Figure B.15 to B.19 for forward speeds up to 62 m/sec ,,

at high fan power settings. In most cases, the distortion level is well below
the level produced during the FSC calibration. At 62 m/sec , distortion is _

i _' comparable. Thus, at high nose fan power settingsas would occur in conjunc- }
" 1 tion with lift/cruisenacelle tilt angles near 90°, the nose fan distortion -.

is within acceptable limits for thrust calculation within a few percent.
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Fig,re Is.]9_hows nose distortion at a low power settinq, staticallyand at

62 ,,/sec. Although no inlet separation is indicated,distortion again is

high in the exit, producing exit velocity variationsof about 3:1. In addi-

tion, exit static pressure variationwas seen at low power settings, causing

large changes in co,nputedmass flow relative to the static case. These
r

effects probably produce significanterrors in predicted thrust.

Lift/cruisefan total pressure distortion is shown on Figure B.20 to B.25.

For a tilt angle of 90° at 62 m,sec (120 knots), distortion greatly exceeds

levels tested A.uringthe FSC calibration at a]_,airflows. Although this

condition is not part of the flight profile, it is representativeof lower

flight speeds and power settings resulting in a similar value Cj and inlet

velocity ratio. At lower flight speeds and nacelle tilt angles of 500 and

0°, the distortion is acceptable from the standpointof thrust calculation

accuracy.

L-l)rimarynozzle total pressure surveys usin9 a translatingprobe were i

inLegrated to pr()du(:eaverage tot(_lpressure from which flow and thrust were

calculated. Tilesurvey resultswere related to a manifolded rake. Thrust

and flow coefficientswere then calculated for use with manifold pressure

data. The results for primary nozzles "A" and "B" are tabulated below:

Nozzle A B Remarks

CV .950 .968

CD .950 .968 (based on ambient static)

CD 1.40 1.43 (based on nozzle internai static
pressure)

Fan nozzle total pressure profiles measured by six rakes with 4 probes each

were fairly flat. An example for fan "B" at a fan total pressure ratio near

1.14 is shown as the "withoutblade" case in Figure B.13. (

b
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_I The inlets of fans "A" and "B" were calibrated for airflow. Figure B.26

presents an inlet flo,.coefficientdefined as the ratio of actual airflow to

theoreticalairflow which is based on measured inlet static pressure,

4 temperatureand flow area. The coefficient was approximately0.905 for both

inlets.

For reductionof the static ground test data, thrust was related to fan RPM

due to difficultieswith pressureinstrumentation.The relationshipof

thrust and fan RPM used is shown in Fiqure B.27. It was determined from an

in-l)lacecal-'brationusing the model internal balance to measure thrust. The

fans were run individuallywith the model fan out of ground effects (qround

heiqht - I.}_,,eters(72 inche_),rodthe lift/cruise fans tilted to 900. The

calibrationwas not extended to low RPM in that the reliabilityof the indi-

cated RPM deterioratesconsiderablyat low RPM. The static tests were all

conducted at or near 28,000 RPM.

Duringthe wind tunneltestingthe difficultieswith the fan exitpressure

I instrumentationwere rectifiedand an in-placecalibrationwas conductedto

"_ relat_thrustto fanexit instrumentationas had beendone in the flight

simulationchamber. The in-placecalibration indicated that the thrust

measured was lower than the calculated thrust based upon the flight simula-

: tion chamber coefficients. Fans "A" and "B" wp _onsistently2% low while
}.

fan "C" was 4% low. Thus the flight simulation ,albercalibration results

C were adjusted ,l(:cordin!llyFor calculatinq thrust durin.qthe wind tunnel

testing.

} '
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T.,NOEJNO .......

LIFT/CRUISE INLET COORDINATES

(SEE FIG B.I FOR INLET LINES)

4

OUTSIDE INSIDE

, STATION RADIUS STATION PADIUS
INCHES INCHES INCHES INCIIES ,_.

HILITc.-,,-- 0 3.0818 0 3.818

•0068 3.1465

•0223 3.1969 .0083 3.0022

•0942 3.3038 •0271 2•9396

•1457 3.3453 •0520 2.8837

.2228 3.3897 .1145 2.7893

.3000 3.4214 .]770 2.7173

•3771 3.4461 .2707 2.6328

.4542 3.4651 .3643 2.5643

-| .6084 3.4951 ,4581 2.5058

! J 7627 3.5195 5518 2.4592

•9169 3.5407 .7391 2.3720

1.0712 3.5594 .9266 2.3670

1.2255 3.5760 1.1139 2.2563

I.3797 3.5:107 1.0314 2.2176

I.5340 3.6030 I.4889 2.1894

: I.6882 3.6154 I.6762 2.1709

1.8425 3.6256 1•8637 2,1613

1•9967 3.6344 TIiROAT-,--2.0510 2.1599

: 2.1510 3•6419 2 •2385 2.1606

2.3052 3.6486 2.4258 2.1676 -

2.6137 3.6576 2.6133 2.181,5

2.9222 3.6625 2,8006 2.2014

MAX 3.1239 3,6634 3,1754 2.2265
\ 3.5502 2.2887

_" _ 3,7954 2.3614

FIGURE B.2 LIFT/CRUISE NACELLE INLET COORDINATES i

j_ 264
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_..BOf/H_ co_.^.v

I L.H. SIDE

2 3/4" -;- _ ,,

i • .75"

2 314" IS L.H. SIDE

90o

I .5"

L.H. SIDE

• 82"

CONTRACTIONRATIOS (AHIIATH)

CENTER, FWD AHIIATH : 1.76 (AS DRAWN IN FIGURE B.4) ?
L.H. SIDE 45°FWD " : I.69

,, 90° " : 1.40
,, 45°AFT " = 1.62

#

FIGUREB.3 MODELNOSE F\N INLETCONTOURS
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i _.EBOX#N_ COM_A_.

DATAREDUCTION

_ Ingeneral,the forcedatapresentedin this reporthavehad direct

thrustand ram forcesremoved. FigureC.I i||ustratesthisprocedure
r

I _ for a typicalrun. Directthrustand ram forceswere alsoremoved

• _ fromthe threeforcecomponentsnot illustrated.Thereare several

__ reasonsfor removingtheseforcesfromthe dataas summarizedbelow.

u
• It is not alwayspossibleto exactlybalancethe two lift/cruise

fans Thiscan introducerollingand yawingmomentswhichare

bestremovedto revealthe aerodynamiccontributions.

• The nosefan thrustwas not exactlyconstantwit_ angleof attack,

i Thisintroducesa variationof pitchingmomentwith angleof

• attackwhich is best removedto revealthe aerodynamicforces.

(_/_ • The ram forceat a givenCj is not exactlyrepresentativeof the

I airplanevalue. This occursbasicallybecauseof the mass flow

addedto drivethe tip turbineand becauseof exhausttemperature

, differencesbetweenthe modelprimaryand the actualengineex-

haust. Removingram forcesfromthe wind tunneldata facilitates

correctionto actualairplaneram conditions.

Removalof ram momentsrequiresknowledgeof the effectivepointof

applicationof the ram forceson the model. For thispurposethe

resultsof a testof an isolatednacellewith 1.4meter (55 inch)

diameterQ-Faninstalledwereutilized. Thistes_ reportedin

ReferenceI0,was run in the Ames40'x 80'WlndTunnel. As shownin

L_ FiqureC.2, the resultsindicatean effectivepointof application

whichis wellaheadof the inletfaceplane. A constantvalue,

L/DHI= .75,was assumedfor reducingthe presentdata. The values
of ram forcefor the modelare summarizedin FigureC.3. It is seen

I,,o I,l,,,,I ,'t4_, IJl_'lq, ,1,1'#1
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that for a given fan pressure ratio (i.e., a given thrust setting)

_ the value CFR/_j is relatively insensitiveto Cj (forward speed ivariation)and (z . However, for the runs which were made at a lower

i thrust settin(.!the value is somewhat different. _. ,_
!

"-

; The gross thrust and ram force of each fan were calculated using i

equationsC.1 and C.2. The definitions,coefficient values, and " i
!

instrumentationlocatiol,sassociatedwith these equations are found I"_'

in the descriptionof the fan calibration,Appendix B. l

i

FG = CVF (RTT VITT + MF VIF) + CvpR M PR VIPR C.1 !

= ',

FR VFS CDF MIF C.2

For the purpose of _emoving direct thrust from the measured forces

the follow_ngequations define the thrust centributionto each balance

component. Note that these forces were renlovedfrom balance axis

system data. The subscripts A, B, and C identify the individualsimu- _d_,_(l_lators. Note that Fan A is the right L/C fan, Fan B is the left L/C

fan, Fan C is the .nosefan.

h_tmal 'Force= f_]sin 760 + FB sinX B + FA sin _ A C.3

Axial Force = -FC cos 760 - FB cos}, B - FA cos _kA C.4

"PltchingMomsnt = -AxC FC sin 760 - AzC FC cos 760 :

-_XBFB s_n X B -AZBFB cos },B C.5 ;

-AXAFA sinX A -AZAFA cos_ A

Re_31ng_1oment=--AYBFB sin _ B "AYAFA sin X A C.6
r- I

Y,aw_g MQmeBt = -,_/_FB cosX B "AYAFA cos X A C.7 _ ,
L

Side _ = 0 C.B

292 O
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The geo,netricconstants used in the above equation were used to locate
a point on the fan thrust axis relative to the moment referencecenter

T

(MRC). (The reference system is shown in Figure C.5.) i

I '
'~' Ax = Fuselage Station - (Fuselage Station)MRc

i _ Ay = Butt Line - (Butt Line)MRC ',

A z = Water Line - (Water Line)MRC !

| FAN ax~INCH a y ~ INCH a z ~ INCH

; ! A 8.656 7.482 3.09

B 8.656 -7.482 3.09

C -20.215 0 -2.369

The following equations were used to calculate the componentsof ram
,)

i force to be removed from the measured force data. These increments

- were subtracted from the stabilityaxis data before application of the
J |.

(_ I) wind tunnel wall effects corrections. The axis system is shown in Fig. C.5.

DR = Ram Drag = FR cos B C.9

SFR = Ram Side Force = -FR sinB C.10

Ram Pitching Me.merit= 9R (Az costa - Ax sin (_) C.I!I
• Ram Rolling Moment = SFR ( A z cos(_ - ax sin (1) C.12

Ram Yawing Moment = -SFR ( A x COS(_ + AZ sin(w ) + DRay C.13

The constants ( a x, a y, a1_da z) for this set of equations are as

follows:

1977010093-298
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FAN A xN INCH A y~ INCH Az ~ INCH r _•

A 8.656- 10.673cos)_ 7.482 3.09+ 10.673sin)k
?

B 8.656 - i0.673 cos), -7.482 3.09 + 10.673 sinX ' :i

C -22.02 0 5.078

t

The ratio of free stream to jet efflux velocity (V/Vj)is defined as:

V/Vj = _f2 AT = ,.5_6_1 C.14 -_ _
Vcjs

where

S is the model referencearea

Cj is the thrust coefficient FG/qS

FG is the gross thrust as defined ";n equation C.1

q is freestreamdynamicpressure !_ }
AT is the propulsiveexitareawithappropriateadjustmentssuch ' :

that Vj is representative of fan efflux velocity rather than

a weighted average of the fan efflux and blown primary velocities.

i
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i , WalI Corrections _F.

Corrections for tunnel wall constraintswere determined based on Heyson's c

InterferenceTheory (Reference II. and 12.). In this theoretical i

_" approach a lifting surface is representedby a number of lifting line _

'_' elements oriented along the quarter chord line and trailing along the

_ wake. Ten lifting elements were chosen for the T-39 model. The effec- :

_ ' tive wake deflection angle was determined as discussed in Refe-ence 13.

{' Correctionswere determined separately for the wing and the tail. The "

• _ total model loads (lift and drag) as measured directly by the internal

: balance (i e. including direct thrust and ram forces) were used in

_. determiningthe interferencevelocities.

i The correctionswere computed in the form of a flow angle change, which

_ changes the resolved lift and drag components, and a tunnel test section

- _ dynamic pressure chan(je. In addition to the above corrections,a con-

ventionaI solid blockage correction factor was applied to the dynamic

. _.- pressure.

Figure C.4 presents a summary of typical wall correction factors '_

_ _- computed at the wing where A(IW denotes the computed change in stream
direction at the wing and Q/QU denotes the ratio of the final corrected

stream dynamic pressure to the value before applicationof wall cor-

i rections.

\

The pitch center was not located at the model center with the result

that the model changed height in the tunnel as angle of attack was

v,lri(:(l.AI.(_ -}g° Lh(,moclelmomc:ntreferencecenter (MRC) was 8.5

inche_ below tunnel cenl.erline while at (I = +30° the MRC was ]5.5

ira:lies ,Jl)ov_ l.lmn(:l cenl.(:r line. The height variation with alptla was

linear. This variation was taken into account in the wall effects

calculations.Figures A.18 thru A.21 in Appendix A, present some data w_th the ground

plane installed. These data were corrected for the wall effects of

three walls only with the ground effect left in.
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